The effect of high pressure treatment on biochemical changes during storage was investigated using Brassica rapa root. High pressure treated samples with 400 and 600 MPa formed unique green-blue color during 7-d storage at 4 C. The mechanism of green-blue compound formation would be based on biochemical pathway for a unique green-blue pigment synthesis, containing O 2 -dependent steps and possibly enzymatic reactions.
High-pressure processing (HPP) is known as one of non-thermal processings for fresh food in food industry. 1, 2) Under high pressure conditions, approximately above 100 MPa, lipid phase transitions occurs. HPP above 100 MPa could, thus, result in destruction of internal structure and membrane structure of foodstuffs, then accelerate mass transfer, changes in food texture, and physicochemical properties. [3] [4] [5] In contrast, proteins are generally more stable against pressure than lipids. 6) Certain enzymes are reportedly still active even at a high pressure of 600 MPa. 7) HPP with approximately between 100 and 600 MPa can induce a transformation of cellular foodstuffs to an alternative form, where membrane systems are destroyed but certain enzymes are still active. In the alternative form of foodstuffs, mass transfer inside can be accelerated and certain biochemical reactions can proceed. Sasagawa et al. reported that the concentration of gamma-amimobutyric acid in pressure treated brown rice increased during preservation at moderate temperature. 8) This finding could be well explained by the alternation of foodstuffs induced by HPP described above. In the view of noble use of HPP enabling addition of values on foodstuffs, it is important to analyze biochemical changes of foodstuffs during storage after HPP. In this paper, we selected Brassica rapa root (turnip) as a model of cellular foodstuff and investigated the HPP effect on a biochemical change of Brassica rapa root during storage after pressure treatment.
Brassica vegetables are rich in nutrients, which decreases risk of some chronic disease. 9) Brassica rapa is comparatively abundant in diastase and peroxidase, which are frequently used as source of pharmaceutical products. Fresh Brassica rapa were purchased from a local market. Brassica rapa root was peeled and was cut into four blocks using a knife. The samples were individually vacuum-packed in polyethylene pouches (Eiken kizai, Tokyo) and applied for high pressure treatment. The apparatus used for high pressure treatment was a hydrostatic pressure unit (Kobe Steel, Kobe, Japan) with a maximum pressure of 686 MPa. The inner diameter of the high pressure vessel was 60 mm and the depth was 180 mm. The increase in the rate of pressure was 3.0 to 3.7 MPa s À1 . Water was used as the medium to transmit the pressure. Two blocks oriented from the same sample were vacuum-pouched with different materials, and were placed in the high pressure vessel. The other two blocks were used as untreated samples without high pressure treatment. The sample blocks were treated at 100, 150, 200, 400, and 600 MPa in duplicate. The pressure treatment was maintained for 5 min at 20 C. Decompression was within 40 s. Samples after high pressure treatment were stored, still in the pouches, at 4 C or 25 C for 7 d. HPP was assumed to damage the cell structure in the plant tissue, especially affecting the plasma membrane. 3) To confirm this, we measured the dielectric properties of Brassica rapa roots soon after pressure release. Sample block out of pouch was inserted into two Ti-Pt electrodes needles (Tanaka Kikinzoku Kogyo, Tokyo) 1.0 mm in outer diameter with 5.0 mm interelectrode distance from equatorial plane. The dielectric properties of the samples were measured at frequencies between 100 Hz to 5 MHz by a LCR meter (3532-50, Hioki, Nagano, Japan) with test fixture (9252, Hioki, Nagano, Japan). The plot of resistance against reactance of the sample, namely Cole-Cole plot, was analyzed to evaluate the cellular structure by the method of Ohnishi et al . 10) The untreated samples without high pressure treatment, which were expected to have intact membrane structures, showed regular Cole-Cole arc and those with high pressure treatment were smaller in diameter than the untreated samples (Fig. 1) . The Cole-Cole arc completely disappeared at 400 MPa. Tangwongchai et al. observed the high pressure treated tomato by scanning electron microscopy that cell structure were partially destroyed at 200 MPa and the degree of destruction over 300 MPa was similar to that of 200 MPa. 4) Ohnishi et al. reported that Cole-Cole arcs disappeared after freezing-thawing or chloroform-vapor treatment. 10) In this study, cellular membrane structures in Brassica rapa root would be partially destroyed at 200 MPa, and completely destroyed over 400 MPa.
The high pressure treated Brassica rapa roots with 400 and 600 MPa seemed to form a green-blue compound during storage at 4 C in the polyethylene pouch (Fig. 2) . The color of the sample turned darker according to the storage time. Samples with high pressure treatment at 200 MPa slightly turned green-blue and this color formation did not always emerge. High pressure treated samples at 100 and 150 MPa showed no change in color during storage, being white as soon after pressure release (not shown). The typical values of pH of the untreated samples were stable, during 7-d storage, being approximately 6.3. In contrast, those of high pressure treated samples decreased approximately from 5.9 to 5.3. In addition, untreated samples without high pressure treatment also showed no change in color during storage. High pressure treated samples stored at 25 C were partially digested into small fluid particles and the color turned light pink during storage.
To evaluate the influence of the oxygen transmission rate (OTR) of pouches used on the formation of greenblue compounds, low OTR polyethylene-polyamide nylon pouches (Magic Vac, Flaem Nuova, San Martino della Battaglia, Italy) was used instead of polyethylene pouches. The OTR, provided by the manufacturer, for the polyethylene pouches and the polyethylene-polyamide nylon pouches were 2,000 ml m À2 d À1 atm À1 and 70 ml m À2 d À1 atm À1 , respectively. The high pressure treated samples in low OTR pouches remained translucent white during storage at all pressure levels tested; the green-blue compounds never formed (Fig. 3) . Although the two types of pouches seemed apparently to keep vacuum conditions during 7-d storage, the different color formation obtained would be caused by the different OTR of the pouches. The green-blue compounds formation, thus, was suggested to be related to oxygen.
The green-blue compounds in Brassica rapa root required a high pressure treatment above 200 MPa. The destruction of the membrane systems, evaluated by the Cole-Cole plot, was well correlated with the formation of green-blue compounds. These results suggest that the reaction for formation of this unique green-blue color pigment was promoted by accelerations of mass transfer with the destruction of membrane systems caused by high pressure treatment. This reaction was also suggested to contain O 2 -dependent steps by the two types of pouches used. Duarte-Vazquez et al. reported that peroxidase were relatively abundant in Brassica rapa and played important physiological roles in protective mechanisms in physically damaged or infected tissues. 11) Certain enzymes, such as peroxidase, might be involved in the O 2 -dependent formation of green-blue compounds in the sample root, although further studies to isolate and identify the green-blue color pigment and to characterize its synthesis pathways and related enzymes are still needed.
There have been several studies concerning changes in color of plant tissues and cellular foodstuffs, promoted by environmental conditions or food processing. Fukuoka and Enomoto reported that a high soil temperature caused internal browning in radish root and this heat stress affected the enzyme activity of polyphenol biosynthesis and the ascorbate-glutathione cycle.
12) The production of brown substances in plant tissue was mainly caused by enzymatic oxidation of phenolic compounds. Some cellular foodstuffs such as sweet potato and burdock turned marked green during some types of food processing. 13) Green pigment formation by the reaction of chlorogenic acid or caffeic acid ester with a primary amino compound under aeration in alkali led to greening of foodstuffs. 13) Bai et al. reported that garlic aged at 4 C and soaked in acetic acid formed green pigment.
14) Kubec et al. studied onion pinking and garlic greening processes. 15) Upon disruption of the tissue, color pigment formation is considered to be enzymemediated degradation of an amino acid precursor. Subsequently, thiosulfinates reacts nonenzymatically with amino acids to produce the pigment. These important reports suggest that certain enzymatic reactions are, at least partly, involved in the change in colors of plant tissues and foodstuffs described above.
In conclusion, we described the color formation of green-blue compounds in Brassica rapa root promoted by high pressure treatment. The mechanism of this color formation would be based on biochemical pathway for a unique green-blue pigment synthesis, which contains O 2 -dependent steps and possibly enzymatic reactions. Pressure induced changes in the apparent catalytic rate may be due to changes in the enzyme-substrate interaction, changes in the reaction mechanisms, or the effect of a particular rate-limiting step on overall catalytic rate. Provided that the cellular membrane or the membrane of intercellular organelles is altered, intercellular enzymes may be released from extracellular fluids or cell cytoplasm, hereby facilitating enzymesubstrate interactions. By accumulating knowledge of the HPP-induced promotion of enzymatic reactions in number of cellular foodstuffs, a novel use of HPP for food processing, which enables addition of useful values based on enzymatic reactions, could be established.
